We report on the efficient removal of heavy metal ions and aromatic compounds from simulated wastewater with a nanocomposite. The nanocomposite was obtained via thermal decomposition of the precursor Fe(acac) 3 onto the surface of graphene, modified by diethylenetriamine pentaacetic anhydride through dopamine. It was found that the maximum adsorption capacity of the nanocomposite toward Cu 2þ and naphthalene was 207.9 and 72.2 mg g À1 respectively, displaying a high efficiency for the removal of heavy metal ions as well as aromatic compounds at pH 7.0 and 293 K. The Langmuir for naphthalene and the Freundlich for the Cu 2þ adsorption isotherms were applicable for describing the removal processes. Furthermore, the nanocomposite was carefully examined by transmission electron microscopy, Fourier transform infrared spectroscopy, X-ray diffraction, Raman spectra, and UV-vis spectroscopy. This work provides a very efficient, fast and convenient approach to exploring a promising nanocomposite for water treatment.
INTRODUCTION
With the rapid development of modern industries, surface water is becoming polluted with many kinds of inorganic and organic toxic contaminants due to industrial discharge. Among these pollutants, heavy metals such as cadmium, lead, copper, etc., and persistent aromatic pollutants such as naphthalene from pharmaceutical runoff are mostly harmful to human health and aquatic life (Nolan & Lippard ; Que et al. ; Wium-Andersen et al. ; Haarstad et al. ) . Thus, the removal of such toxic pollutants from natural water, wastewater discharge or industrial effluents is becoming a crucial issue. Various treatment technologies have been used for water contaminated by heavy metals and aromatic compounds, including chemical precipitation, solvent extraction, ion exchange, filtration, electrodialysis, photocatalysis and so on (Mohan & Singh ; Xing et al. ; Ide et al. ) . However, the adsorption capacities of current materials are not high enough. It is important to develop new adsorbents with high adsorption capacities for organic and inorganic pollutant management prior to discharge into the environment.
The high surface area of nanomaterials brings new prospects for water decontamination; for example, carbon nanotubes are found to work effectively in removing inorganic and organic contaminants (Long & Yang ; Yang & Xing ; Zhang & Fang ; Yang et al. b) . Compared with carbon nanotubes, graphene (G) is more exciting. Graphene has a large theoretical specific surface area (2,630 m 2 g À1 ) (Zhu et al. ) , which indicates its potential for the adsorption of organic and inorganic pollutants in environmental pollution management (Peng et al. ; Chandra & Kim ; Yang et al. a; Zhao et al. ) , especially magnetic graphene/graphene oxide (GO). There is also a large economic benefit in using graphene instead of carbon nanotubes, as products can be easily collected from water using an external magnetic field. For example, He et al. () attached iron oxide nanoparticles to GO via conjugation chemistry and explored their application for removal of methylene blue from wastewater. Chandra et al. () reported a novel kind of magnetic composite based on reduced graphene oxide (RGO) synthesized in situ at low temperatures. Fe 3 O 4 @RGO composite shows nearly complete (over 99.9%) arsenic removal within 1 ppb, as a practical approach for arsenic separation from water. Recently, Zhang et al. () reported that a simple heating of the mixture of polyethylenimine (PEI) and GO in an aqueous suspension leads to chemical reduction of GO, and binding of PEI to the GO sheet mainly at its outer boundary for the removal of tetracycline from water. Sun et al. () prepared magnetite/GO nanocomposites for the removal of dye pollutants. Most recently, Wu et al. () reported a composite material containing magnetite particles, graphene and layered double hydroxides that was fabricated through a simple two-step reaction for the removal of arsenate from water, and Koo et al. () reported the synthesis of graphenes with tunable properties resulting from the growth of needlelike iron oxide NP on their surfaces for the absorbent removal of As V and Cr VI from water.
Despite the many advances in this field, it is still a challenge to exploit new approaches that can improve the adsorption capacities, the simplicity, size distribution and dispersion of graphene-based hybrid materials. On the basis of these considerations, we selected a simple route for fabricating multi-functionalized magnetic Fe 3 O 4 on graphene which was modified by diethylenetriamine pentaacetic acid (DTPA). To the best of our knowledge, this is the first report that the nanocomposite of Fe 3 O 4 NPs and graphene simultaneously removes aromatic compounds and heavy metals. In addition, highly dispersed Fe 3 O 4 on the surface of graphene modified through dopamine (DPA) by DTPA further improved its dispersibility in water.
We describe here a facile strategy for the assembly of monodispersed Fe 3 O 4 NPs onto graphene through DPA by DTPA, the schematic of which is illustrated in Figure 1 
METHODS Chemicals
Fe(acac) 3 was purchased from Strem Chemicals, Inc. Triethylamine, benzyl ether, oleic acid, oleylamine, and all cationic compounds were purchased from Sigma-Aldrich. Dispersible graphene was prepared through the complete reduction of GO which is prepared by the modified Hummer's method and was purchased from Nanjing XFNANO Materials Tech Co., Ltd (Nanjing, China). Other reagents including CuSO 4 and naphthalene were A. R. grade and were used as supplied.
Instrumentation
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H NMR spectra were acquired on a Varian 400 MHz NMR spectrometer. Samples for transmission electron microscope (TEM) were prepared by drying the particle solutions on amorphous carbon-coated copper grid and imaged using a Tecnai G2 F30 FEI TEM with an accelerating voltage of 200 kV. UV-vis spectra were recorded on a Pekin-Elmer Lamda 35 spectrophotometer. Fourier transform infrared spectroscopy (FT-IR) spectra were recorded on a Nicolet NEXUS 670 FT-IR spectrometer with a DTGS detector, and samples were measured with KBr pellets. X-ray diffraction (XRD) measurements were performed on a Rigaku D/max-2400 diffractometer using Cu-Kα radiation as the Xray source in the 2θ range of 20-80 W . Raman spectra were obtained by inVia Renishaw confocal spectroscopy with 633 nm laser excitation. Finally a Quantum Design vibrating sample magnetometer (VSM) was used at room temperature in an applied magnetic field sweeping from À15 to 15 kOe.
Synthesis of G@Fe 3 O 4
Fe(acac) 3 (0.706 g, 2 mmol) was dissolved in a mixture of graphene, benzyl ether (10 mL), and oleylamine (10 mL) with the help of an ultrasonic bath. The above mixture solution was dehydrated at 110 W C for 1 hour under a flow of nitrogen, and quickly heated to 300 W C and kept at this temperature for 2 hours under a blanket of nitrogen. The black-brown mixture was cooled to room temperature later. Ethanol (40 mL) was added to the mixture and the precipitate collected by centrifugation at 8,000 rpm. Then the precipitate was washed with ethanol several times and dried at 45 W C in a vacuum, thus producing G@Fe 3 O 4 .
Synthesis of DPA-DTPA DTPAda (35.7 mg, 0.1 mmol) was dissolved in DMF (5 mL). Triethylamine (2.09 mL, 15 mmol) was added dropwise, followed by the addition of a solution of DPA (18.9 mg 0.1 mmol) in 5 mL anhydrous dichloromethane. The reaction was stirred under nitrogen for 12 hours. The product was precipitated by adding diethyl ether, and collected by centrifugation at 4,000 rpm. After washing with DMF/diethyl ether (1/10) three times, the product was dried in a vacuum for 24 hours.
Synthesis of G@Fe 3 O 4 -DPA-DTPA
DPA-DTPA (100 mg) was dissolved in dichloromethane (10 mL), and then G@Fe 3 O 4 NPs (10 mg) were added. The mixture was stirred overnight at room temperature. The modified G@Fe 3 O 4 nanoparticles were collected by centrifugation at 4,000 rpm, and washed with dichloromethane/ hexane (1/5) three times. Finally, the precipitate was washed with ethanol several times and dried at 45 W C in a vacuum for 24 hours, producing G@Fe 3 O 4 -DPA-DTPA. 1 H-NMR(DMSO-d 6 ):δ (ppm): 2.72-3.07(brs, each 4H,
Adsorption experiments
The adsorption experiments were carried out under ambient conditions using a batch technique. The adsorption capacity (Q e ) was calculated by the following equation: The positions and relative intensities of these non-GNrelated new peaks provide a good match with the (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) planes of the standards XRD data for the cubic spinal crystal structure of bulk magnetite . So it could be concluded that a kind of magnetite GN heterostructure was formed during the solvothermal process. The results of the investigation of Cu 2þ and naphthalene removal are shown in Figure 6 (a). According to the following equation, the present result is better than those found in the literature (Liu et al. ) :
RESULTS AND DISCUSSION
where E is the removal efficiency of heavy metal ions, C I is initial concentration of heavy metal ions, and C F is final concentration of heavy metal ions. As shown in Figure 6 (a), the removal efficiency of Cu 2þ and naphthalene can be changed from 0 to 98.5 and 90%, respectively, after 5 min of ultrasound radiation. However, if we continually enhance the duration of ultrasound radiation, then the removal efficiency of Cu 2þ and naphthalene shows no obvious alteration. We confirm that the absorptive efficiency of G@Fe 3 O 4 -DPA-DTPA for both Cu 2þ and naphthalene reaches saturation after 5 min of ultrasound radiation. The effect of pH on the adsorption of Cu 2þ ions by the magnetic G@Fe 3 O 4 -DPA-DTPA is illustrated in Figure 6 (b). It was found that the removal efficiency increased upon increasing the solution pH; if the pH is increased further, then the removal efficiency will be greatly reduced. When the initial pH is 7, the removal efficiency of Cu 2þ reaches a maximum of 98.5%, but pH has no effect on adsorption of naphthalene. We repeated the above procedure for five cycles. The removal efficiency in each cycle is shown in Figure 7 . According to the experimental results, we speculate that in an acidic solution, the H þ coordination with DTPA is stronger than the Cu 2þ , and in an alkaline solution Cu 2þ and OH À ions formed a precipitate, so pH affects the Cu 2þ adsorption of the nanocomposite, and therefore the removal efficiency of the nanocomposite is highest in a neutral solution. The pH did not affect the removal efficiency of naphthalene. The removal efficiency is reduced gradually in the later cycles due to the loss of Fe 3 O 4 from the graphene. However, the removal efficiency is still above 97% in the final cycle.
Sorption isotherms
To evaluate the adsorption capacity of G@Fe 3 O 4 -DPA-DTPA, the adsorption isotherms of naphthalene and Cu 
CONCLUSION
In summary, the G@Fe 3 O 4 -DPA-DTPA nanocomposites were fabricated via thermal decomposition of Fe(acac) 3 onto the surface of graphene modified by DTPAda through DPA. The results from different analytical techniques indicated that the nanohybrid possessed high water solubility and high magnetic sensitivity. As a powerful tool, the G@Fe 3 O 4 -DPA-DTPA nanocomposites have great potential as an effective absorbent for removing aromatic compounds and heavy metals from wastewater and therefore provide potential applications in environmental issues. 
